Introduction
Molybdenum (Mo) is a trace metal occurring in soil and is among the essential micronutrients for most organisms including plants and animals. 1 Mo is a component element of several important enzymes within plant tissues, such as nitrate reductase, nitrogenase, sulte oxidase, and xanthine dehydrogenase. It benets plant growth and development at optimum levels, but induces phytotoxicity at excess levels. The Mo accumulated in plants, in particular in crops, may enter the food chain, posing a potential health risk to human beings and animals. A previous study showed that ruminants (cattle) feeding on herbage with high Mo concentrations (10-20 mg g À1 ) suffered from Mo poisoning, which can oen be fatal.
Therefore, the accumulation of Mo in crop plants should be addressed. Normal Mo concentrations in the tissues of common crops usually range from 0.8 to 5 mg kg À1 . 3 However, the values vary widely with plant species, ranging from 0.01 mg kg À1 in common crops to several hundred mg kg À1 in legumes. 4 Although Mo is less phytotoxic than other trace metals such as Cu and Zn, excessive Mo may cause chlorosis and yellowing in plants via interfering with Fe metabolism. 5 In elds, Mo content in plants is closely related to Mo levels in the soil, 5 which can be elevated by human activities. An investigation has shown that industrial utilization led to Mo accumulation in soil and groundwater, posing potential health risk. 6 Mining and processing of Mo ore also releases a large amount of Mo into the surrounding environments. 5 Mo concentrations in the miningaffected soils reached up to 1071.52 mg kg À1 7 and 2903.91 mg kg À1 , 8 respectively. In an agricultural eld surrounding a Mo mining site, the Mo concentrations in the rice grains ranged from 0.58 to 12.04 mg kg À1 , indicating a possible pollution and a potential health risk for rice-consumers. 9 Unfortunately, to date, little has been known on Mo effects and toxicity in soilplant system.
The roles of microorganisms in cleaner production and sustainable development have attracted increasing attention.
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Arbuscular mycorrhizal (AM) fungi (AMF) represent a group of ubiquitous symbiotic microorganisms belonging to the Glomeromycota, and form mutualistic associations with a majority of higher plants in terrestrial ecosystems, including heavy metalpolluted soils. 11, 12 Apart from their excellent ability to improve plant mineral nutrients (notably P), AMF can alleviate the phytotoxicity of various trace metals/metalloids such as Cu, Zn, Pb, Cd, Cr, Ni, As, helping plants to grow better in metalpolluted and mining-impacted soils. 13, 14 However, AMF effects on plant tolerance to Mo toxicity still remain unknown.
The mobility and bioavailability of Mo in soil are largely dependent on soil pH, and inuenced by soil P. 5 Under heavy metal pollution, AMF oen cause soil pH to rise and improve plant P nutrition. 15, 16 AMF have been shown to enhance Mo acquisition by plants growing on non-polluted soil via diverse mechanisms. 17, 18 Putatively, AMF probably affect Mo toxicity and accumulation in plants under Mo-polluted condition. Here, a soil culture experiment was conducted using maize inoculated with or without C. etunicatum grown in soil with different Mo addition levels. Our aims are to test: (1) the effects of Mo on maize growth, nutritional status, Mo accumulation, and physiological responses, especially when the Mo added reaches a stress level; (2) if AM colonization can mitigate Mo toxicity; and (3) the possible protection mechanisms against Mo toxicity used by AMF.
Materials and methods

AMF inoculum and soil
The AM fungus Claroideoglomus etunicatum (formerly Glomus etunicatum) BEG 168, from China Agricultural University, was propagated on maize (Zea mays) plants grown in pots with sterilized sand for 12 weeks. 19 The AM inoculum consisted of a mixture of spores, mycelia, sand and root fragments, with about 1000 spores per 100 g. A loamy soil taken from a cropland was used in the present experiment. To eliminate the impact of native AMF, the soil was sterilized at 121 C for 60 min, 19 and then air-dried for pot culture. Soil properties are as follows: pH (1 : 2.5, soil/water) 7.32, 7.6% organic matter, 13 g kg À1 total N, 337.3 mg kg
À1
total P, 2.7 g kg À1 total K, and 8.4 mg kg À1 total Mo.
Experimental procedure
The levels of Mo were added according to the results from our surveys of soil Mo pollution of mining-affected farmland. Half of the treatments were inoculated with C. etunicatum BEG 168, and the other half remained non-inoculated. Plastic pots with 17 cm height Â 13 cm diameter were used. For AM inoculation treatments, 100 g air-dried AM inoculum was mixed uniformly into each pot lled with 900 g air-dried soil, while 100 g sterilized AM inoculum per pot was used to create noninoculation treatments. To maintain similar microbial communities, 10 mL of AM inoculum ltrate was irrigated into each pot. 20 Thus, this is a bi-factorial experiment with a 4 Â 2 design. Each treatment had 4 replicates.
Seeds of maize (Weike702) were provided by Henan Jinyuan Seeds Co. Ltd. Eight surface-sterilized seeds with uniform size were sown in each pot. Aer one week, the seedlings were thinned to ve per pot. The seedlings were placed in an arti-cially controlled plant growth chamber, with a day/night (12/12 h) of 28-30/23-26 C (light intensity 5000 lux), and a relative humidity of 50-80%. Seedlings were irrigated with tap water when needed.
Plant and soil analysis
Aer 4 weeks of plant growth, shoots and roots were harvested separately. Subsamples of fresh roots and leaves were taken to evaluate root colonization rate and leaf pigment content respectively. The remaining plant materials were oven-dried at 70 C for 48 h and then ground for further element analysis. The soil in each pot was totally mixed and sampled for analysis of soil pH. Root colonization rate was assessed using an ink staining method. 21 The dried plant materials, as well as standard plant material (GBW07603, GSV-2), were wet-digested in a mixture of concentrated sulfuric acid and hydrogen peroxide for elemental analysis. Concentrations of Mo, P, Fe, Mg, and Cu were determined using ICP-OES (Optima 7300 DV, Perkin-Elmer, USA). Plant N concentration was determined using an Elementar Vario-Macro carbon-nitrogen analyzer (Elementar Analysensysteme, GmbH, Germany). Soil pH was measured in a 1 : 2.5 (w/v) soil/water suspension using an electronic pHmeter (Rex PHS-25, INESA Scientic Instrument Co., Ltd, China). The contents of leaf photosynthetic pigments including chlorophyll (chl) and carotenoid were assayed by extracting fresh leaves in 95% ethanol solution, and then measuring the absorbance at 470, 649, and 665 nm. The contents of chl a, chl b and carotenoid were calculated.
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Net photosynthesis and transpiration rate were determined using a portable photosynthesis system (Li-6400XT, Li-Cor, Lincoln, USA). Three matured leaves per pot were selected at mid-morning before plant harvest (September 10, 2017) to measure the net photosynthetic rate (P n ) and transpiration rate (E).
Statistical analysis
Data was analyzed using SPSS 22.0 soware. A one-way ANOVA (P < 0.05) followed by Duncan's test was used to compare statistical signicance among the treatments. Two-way ANOVA analysis was performed to test the signicance of interactions between the factors Mo addition levels and AM inoculation.
Results and discussion
Soil pH and mycorrhizal colonization
Compared with the initial soil pH (7.32), soil pH aer plant growth was increased in all the treatments (Fig. 1a) . Compared to the zero addition level, Mo addition did not inuence soil pH in non-AM treatments, but decreased soil pH at 2000 and 4000 mg kg À1 in AM treatments. Compared with the non-AM treatments, AM inoculation did not change soil pH signi-cantly at all the Mo addition levels. It has been found that the bioavailability and the phytotoxicity of Mo highly depends on soil pH, and generally positively correlates with soil pH. 5 Soil amended with Mo all had a similar pH, which may partly explain why the plants receiving Mo had a narrow range of Mo concentration.
However, soil pH in AM inoculated treatments exhibited a decreasing trend with increasing Mo addition level, suggesting AMF may mitigate Mo availability through regulating soil pH. In our previous studies, AMF were found to alleviate the availability and toxicity of heavy metals via inducing a higher soil pH. 16, 23 These conicting results imply AMF may actively select different adaptation strategies against various stresses. Combining the fact of higher Mo concentrations in their tissues, AM plants may employ a specic protection mechanism against Mo toxicity.
The control plants receiving no AM inoculation were not colonized. The inoculated plants were all highly colonized, with the root colonization rates ranging from 77% to 92% (Fig. 1b) . Compared to the zero addition level, Mo addition levels did not signicantly inuence mycorrhizal colonization. However, the plants receiving 2000 mg kg À1 Mo addition had signicantly higher colonization rate than those receiving 1000 mg kg À1 .
AMF occur in sites polluted with various metals and can develop tolerance to excess levels of many trace elements.
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The present results showed for the rst time that the added Mo had no toxic and even stimulatory effects on AM colonization, suggesting a low fungitoxicity of Mo and a good Mo tolerance in the studied AM species. Mo is an essential micronutrient for both plants and microorganisms such as rhizobia and mycorrhizal fungi. 25 Previous study found adding an appropriate amount of Mo to the rhizobial inoculum could increase the survival of the rhizobial cells. 26 Similarly, the low toxicity and even stimulatory effects of Mo on AM colonization are expected. However, the threshold values for Mo toxicity in AMF and other inuencing factors need to be explored in future studies.
Plant growth, leaf photosynthesis and transpiration, and Mo concentrations
As shown by the one-way ANOVA results, compared to the zero addition treatments, shoot DWs of non-inoculated plants decreased at 4000 mg kg À1 Mo addition level, and their root DWs decreased at 2000 and 4000 mg kg À1 ( Fig. 2a and b) . Plant height was decreased only at 4000 mg kg À1 Mo addition level (Fig. S1 †) . In most cases, Mo addition decreased shoot and root DWs of AM-inoculated plants. Excess Mo causes toxic effects in plants, such as alteration of morphology, cell structures and physiological responses. 27, 28 However, the toxicity threshold values of Mo greatly varied with soil properties and plant species, with a wide range of added Mo concentrations generating 50% inhibition of plant growth (ED 50 ) among the surveyed 10 soils, ranging from less than 1 mg kg À1 to higher than several thousand mg kg À1 , and ryegrass showed higher resistance to Mo toxicity than other three crops (oilseed rape, red clover, and tomato). 29 In the present study, the added Mo caused plant growth reduction in most cases, suggesting a phytotoxic effect on maize grown in the studied soil. Meanwhile, 1000 mg kg À1 Mo did not signicantly inhibit the growth of non-inoculated plants, indicating a strong Mo Fig. 1 Soil pH (a) and root colonization rate (b) of maize plants after harvest. ÀM and +M represent non AM-inoculation and inoculation with C. etunicatum BEG 168, respectively. Different letters on the bars indicate significant differences among all means in different treatments using a one-way ANOVA followed by the Duncan's multiple range test (P < 0.05).
tolerance in maize. This supports the previous nding that monocotyledonous plants like Gramineae are generally more tolerant to excess Mo than dicotyledonous species.
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The growth of AM inoculated plants was also inhibited by Mo addition, indicating a Mo toxicity occurred in AM plants (Fig. 2a  and b) . However, AM colonization was not inhibited (Fig. 1b) . Compared with the non-inoculated plants, AM-inoculated plants generally had higher shoot and root DWs under all Mo addition levels (except for root DWs at 4000 mg kg À1 ) (Fig. 2a,   b and S1 †), conrming AM plants have stronger tolerance to Mo stress. Numerous studies have shown AMF help their host plants to resist various environmental stresses such as trace metal pollution and salinity. 14,31 Our present results conrm the AM fungus C. etunicatum is tolerant to Mo stress and can help plants to resist Mo-induced toxicity.
Net photosynthesis (P n ) and transpiration rate (E) both showed decreasing trends with the increasing Mo addition levels, although no signicant inhibitory effects were observed based on the one-way ANOVA results ( Fig. 2c and d) . Apparently, the lower pigments in leaves caused by excess Mo may lead to a lower photosynthetic rate, consequently decreasing photosynthate production and plant biomass.
Overall, AM plants generally had higher photosynthetic rate and transpiration rate in leaves ( Fig. 2c and d) , indicating AMF not only increased carbon (C) xation during photosynthesis, but also improved stomatal gas exchange capacity and water uptake. Improved pigments in leaves and plant nutrient and water uptake by AMF may partly account for why AM plants perform photosynthesis and transpiration better. A previous study has shown that, under Cd stress, AMF not only increased chlorophyll content of Lolium perenne, but also promoted PSII photochemical activity, and enhanced plants' adaptation to Cd contamination via optimizing light energy allocation and utilization. 32 Our present study found the similar benets from AM inoculation for maize to overcome stress caused by excess Mo.
Mo addition signicantly decreased the contents of chl a, chl b, and carotenoid in maize leaves, but no signicant difference was observed between 2000 and 4000 mg kg À1 Mo addition levels in non-inoculated plants (Fig. 2e-h 
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In the present study, AM inoculation improved the contents of leaf pigments in plants receiving 2000 and 4000 mg kg À1 Mo, but did not show signicant impacts at 0 and 1000 mg kg À1 . The increase of leaf pigments might be partly attributed to the improved nutrients such as Fe, Mg, Cu, and P by AM colonization. However, AM inoculation displayed no signicant effects at 1000 mg kg À1 Mo addition level, indicating Mo toxicity to AMF is complex, and the dosage is not the only determinant. As show in Fig. 2i , net photosynthesis (P n ) (c) and transpiration rate (E) (d), contents of chl a (e), chl b (f), chl a + b (h) and carotenoid (g) in maize leaves, and Mo concentrations in maize shoots (i) and roots (j). ÀM and +M represent non AM-inoculation and inoculation with C. etunicatum BEG 168, respectively. Different letters on the bars indicate significant differences among all means in different treatments using a one-way ANOVA followed by the Duncan's multiple range test (P < 0.05).
be attributed to the much higher Mo background values (8.4 mg kg À1 ) in the soil used. However, Mo concentrations vary widely with plant species, reaching >15 mg kg À1 in some plants. 5 Generally, the presence of Mo ranging from 100 to 200 mg kg
À1
in plants does not cause any toxicity appearance on the foliage.
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Here, no toxic symptoms were observed on the plants grown in soil without added Mo. Plants can actively take up exogenous molybdate by roots and transport to the shoot. 27, 35 Mo concentrations reached 500 mg kg À1 and >1000 mg kg À1 in maize shoots and roots respectively when the soil was added with 270 mg kg À1 Mo.
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Similar results were obtained in the present study: Mo addition signicantly increased Mo concentrations in both shoots and roots of all plants ( Fig. 2i and j) . In non-inoculated plants, Mo concentrations were not lower than 400 mg kg À1 in shoots and higher than 1300 mg kg À1 in roots respectively. A previous study has found that shoot Mo concentrations inducing 10% growth inhibition (EC 10 ) range from 52 to 3764 mg kg À1 for four different crops grown in ten soils tested. 29 In the present study, the shoot Mo (400 mg kg À1 or higher) produced a shoot growth reduction from 27% to 44%, conrming the Mo concentration is excess and toxic to plants.
Generally, Mo concentrations in maize plants increased gradually with the increasing levels of Mo added to the growth substrate. 27, 28 Differently, our present study showed plant Mo concentrations did not increase with the increasing Mo addition levels, suggesting the existence of an active defense mechanism that prevents excess Mo into the root. Similarly, Mo accumulated in the Ophioglossum plant against a concentration gradient and reached a nal concentration of the element which signicantly exceeded the soil soluble Mo concentration. 36 Our present results also conrm that plants accumulated more Mo in roots than in shoots, 28 leading to less Mo translocated into shoots, which represents another possible metal tolerance mechanism employed by excluder plants surviving in heavy metal-stressed environments.
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The most important nding of the present study was that AM inoculation always increased Mo concentrations in shoots and roots of plants grown in soil amended with Mo. This is really beyond our expectations, because higher plant Mo content exceeding plants' requirement generally means stronger toxicity, which is apparently contrary to the fact that AM plants grew better (Fig. 2i and j) . One most common mechanism underlying AM plants' resistance to heavy metal toxicity is the biomass dilution effect of the toxic metals owing to plant growth-promoting effects induced by AMF. 16 Apparently, the dilution mechanism is unlikely to be involved in our present study. Under heavy metal stress, AMF oen increase the partitioning of toxic metals into roots and depress their translocation to shoots via immobilization of AM structures and exudate such as glomalin-related soil protein.
14 At 2000 and 4000 mg kg À1 Mo addition levels, AM plants had a lower shoot/ root ratio of Mo concentrations than non-inoculated plants (Fig. S2 †) , conrming this is a protection mechanism against excess Mo adopted by AM plants. There may be other strategies in AM plants to deal with the excess Mo both in them and their growing environments. For example, excess Mo causes oxidative stress in plants, 28 but AMF may enhance plant antioxidant capacity via modifying antioxidant enzyme activity. 14 
Plant nutrient uptake
Based on the one-way ANOVA results, Mo addition and AM inoculation had signicant inuences on shoot P uptake but did not change root uptake (Fig. 3a and b) . Synergistic interaction oen occurs between soil P and Mo uptake by plants. 5 The elevated soil P can compete with Mo for adsorption sites, 38 and thus molybdates could be released from the anionexchange complex by H 2 PO 4 À replacement, leading to increased soil solution Mo available for plant uptake. In a hydroponic trial, added P increased Mo uptake in Brassica napus shoots, and improved Mo translocation from roots to shoots. 39 This can also partly explain why AM plants had higher Mo accumulation than non-AM plants: the AMF-increased soil available P may enhance more available Mo to release into soil solution absorbed by plants.
However, Mo addition decreased P uptake in shoots, and in AM plant shoots, P uptake decreased with the increasing Mo addition levels ( Fig. 3a and b ). These facts suggest a possible competition occurs between the transport of Mo and P from roots to shoots, particularly when one of them is excess. Heuwinkel et al. 40 found that P deciency increased Mo uptake by tomato plants, and inferred molybdate might be taken up by a phosphate transporter. This may partly explain why excess Mo decreased shoot P accumulation. AMF have been shown to actively regulate expressions of phosphate transporter genes in plants. 41 Thus, it can be inferred that under Mo stress AM plants actively mediate Mo transport via regulating Mo transporters to maintain a constant Mo concentration.
Mo is a cofactor in nitrate reductase that catalyzes the rst step of the assimilatory nitrate reduction, 25 thus playing important role in plant N metabolism and nutrition. Mo de-ciency oen leads to a poor N nutrition, and/or an imbalanced N metabolism. 42 Our present results show that excess Mo decreased N uptake by roots and transport to shoots ( Fig. 3c and  d) . However, these negative responses were partially offset by AM inoculation (Fig. 3c and d) . Ammonium transporter genes have been identied from AM fungal extraradical hyphae.
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The extraradical hyphae can capture N sources from soil and translocate them to the plants through the intraradical mycelium.
In most cases, Mo addition signicantly decreased Fe, Mg and Cu uptake in plants, especially in roots and in AMinoculated plants, while AM inoculation improved plant Fe, Mg and Cu uptake with exceptions for roots at 4000 mg kg À1 Mo (Fig. 3e-j) . Plant uptake mechanisms for molybdate and Fe are closely correlated. 45 Excess Mo in plants may interfere with Fe metabolism, leading to toxicity symptoms such as chlorosis and yellowing. 5 Our present results conrm that excess Mo reduced Fe uptake by plants, thus inducing Fe deciency. The element Fe is essential for the composition of chlorophylls and their functions in photosynthesis. The reduced Fe in shoots may explain the poorer growth and lower photosynthesis rate of the plants treated with Mo. Meanwhile, AMF help plants to acquire more Fe and thus alleviate the Mo-induced Fe deciency, which represent one mechanism for AM plants to resist Mo toxicity.
Mg ion occupies the center of chlorophyll a molecules, and also acts as a cofactor of some key enzymes, thus taking part in numerous physiological and biochemical processes such as photosynthesis, synthesis of nucleic acids and proteins. 46 Although little has been known on Mo-Mg interaction, Mg uptake in maize plants was decreased by Mo addition, nevertheless, which was signicantly corrected by AM inoculation (Fig. 3g and h) . These results are in accordance with the previous nding that AM colonization increased Mg uptake of maize plants. 47 In addition to Fe, Cu also shows antagonistic relationships with Mo in plant nutrition. 5 The excess Mo in plants must lead to a decrease in Cu uptake, which was conrmed by the present results. In comparison to Fe uptake, Mo addition exerted similar inhibitory inuence on Cu uptake in plants. In accordance with previous studies that AM associations help to absorb micronutrients including Fe and Cu, 48 the present results show that AMF displayed promoting effects on Cu nutrition under Mo stress. More interestingly, plants containing >5 mg Mo/kg DWs may disturb the assimilation and metabolism of Cu, and cause molybdenosis in animals feeding them.
5 The AMF-increased Cu in plants used as fodder may be of signicance for animal health.
Two-way ANOVA analysis
Two-way ANOVA results were summarized in Table 1 . Different from the one-way ANOVA results, soil pH was not signicantly inuenced by Mo addition, AM inoculation, and their interaction. Both Mo addition and AM inoculation signicantly and roots (b, d, f, h and j). ÀM and +M represent non AM-inoculation and inoculation with C. etunicatum BEG 168, respectively. Different letters on the bars indicate significant differences among all means in different treatments using a one-way ANOVA followed by the Duncan's multiple range test (P < 0.05). 
Conclusion
In conclusion, our results found that excess Mo caused phytotoxicity in maize, including plant growth reduction, higher Mo concentrations in shoots and roots, and less uptake of essential nutrients P, N, Fe, Mg and Cu, but showed no dose-dependent effects on Mo accumulation in plants. Inoculation with C. etunicatum BEG 168 further enhanced Mo concentrations in maize plants, but still showed positive plant growth-promoting effects, including mineral nutrient uptake, leaf pigment contents and photosynthetic properties. AMF could alleviate Mo availability and toxicity by decreasing Mo translocation from roots to shoots and mediating soil pH. Our results indicate that AMF may play benecial roles in ecological restoration and phytoremediation of Mo-polluted sites, but the potential health risk for animals induced by AMF-increased Mo content in plants should be considered.
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